Abstract -A study of the reproductive biology of the loliginid squid, Alloteuthis subulata in the North Sea, Irish Sea and Portuguese waters was carried out. A predominance of small squid (<50 mm ML) during autumn was observed in all three areas. Multi-modal size-frequency distributions were apparent in both sexes. The greatest complexity was observed in Portuguese waters, with males exhibiting possibly four or more modal size classes. Sexually mature squid were found throughout the year, with generally more mature squid in spring-summer and fewer in autumn-winter. In Portuguese waters, maturity in both sexes peaked in spring, whereas maturity in the other areas peaked in summer. Similar sizes-at-maturity were observed, with male squid maturing over a greater size range (40-125 mm ML) than females (30-50 mm ML). An apparent secondary peak in male maturity at 65 mm ML suggests two different size-maturation patterns in Portuguese waters. Estimates of potential fecundity in the Irish Sea ranged from ∼2200-13 500 eggs per female. Mean egg diameters of 0.45 mm and 1.55 mm were recorded for developing oocytes and mature ova, respectively. Three to four modal size classes of oocytes were apparent in each ovary. There was some indication of latitudinal effects on growth, maturation and reproduction of A. subulata across its geographic range. The greater complexity of size-structure in warmer waters suggests that water temperature may be the main factor involved, possibly through shorter incubation times, faster growth and maturation rates and extended spawning periods.
Introduction
The common European squid, Alloteuthis (Loligo) subulata (Lamarck), which is widely distributed in shallow coastal waters of the north-eastern Atlantic and Mediterranean Sea between 20
• N and 60
• N, is a small loliginid species with a maximum recorded mantle length (ML) of ∼200 mm, including the long narrow tail (Roper et al. 1984; Anderson 2008) . It is the most common cephalopod species found in the central and southern North Sea, constituting ∼90% of overall numbers caught in research trawls (de Heij and Baayen 1999) and it also appears to be abundant in the English Channel (Rodhouse et al. 1988) and Irish Sea (Nyegaard 2001) . Alloteuthis subulata is often caught and landed with juvenile Loligo spp. in a few directed squid fisheries (e.g. in the Moray Firth, Scotland) and occurs in the by-catches of several demersal trawl fisheries across its range. In Portugal it is the most abundant cephalopod species, but the biomass is thought to be relatively small. The commercial value is generally low due to the small size and it is discarded in most areas (Fernandes et al. 2008) . In southern Spain however, Alloteuthis spp. are landed and marketed (WGCEPH Report 2005) Although little is known about the ecology of A. subulata, it is likely to be an important species in coastal ecosystems since it appears to be an abundant predator of small fish and is itself preyed upon by a number of larger marine animals. It is the most abundant cephalopod species recorded in stomach contents of demersal fish in UK waters (Hislop et al. 1991; Daly et al. 2001) and is also considered to be an important item in the diet of demersal fish in Spanish waters (Velasco et al. 2001) .
Few studies of the reproductive biology of A. subulata have been undertaken. In Portuguese waters, progressive maturation occurs from winter to late spring, with the males maturing slightly earlier than the females (Moreno 1990 (Moreno , 1995 . In some areas, there may be several distinct spawning events each year. For example, in the English Channel, there appear to be three spawning groups of female A. subulata that spawn in spring, summer and autumn, with two recruitment events in spring and summer. The pattern in adult males is more complex, with no regular pattern observed (Rodhouse et al. 1988 ). In the Irish Sea, spawning occurs mainly in spring and summer, with a possible minor spawning event in autumn (Nyegaard 2001) . In the North Sea, the spawning season is restricted to June-July, with hatchlings appearing in plankton samples towards the end of July (Yau 1994) . In early summer, male and female A. subulata arrive together inshore. Spawning probably occurs earlier off the west coast of Scotland than in the North Sea (Yau 1994) .
Based on the perceived ecological importance and fishery potential of A. subulata, further investigations of the life history and ecology of this species are worthwhile. Since the embryonic development and hatching, growth and maturation and timing of reproduction of many cephalopod species may be influenced by temperature (Boyle 1983) , it would also be interesting to compare squid from different geographic areas. This paper describes opportunistic investigations of the reproductive biology of A. subulata from the northeast Atlantic and adjacent waters, based on specimens taken in the North Sea, Irish Sea and Portuguese waters between 1990 and 2005. Possible explanations for observed spatial and temporal variations in growth and maturation patterns are also discussed.
Materials and methods

Collection of material
Location information and seasonal/annual mean sea surface temperature (SST) values for the three study areas are provided (Table 1) . Samples of A. subulata were obtained during routine juvenile ground-fish and bottom-trawl surveys of the northeast Atlantic and adjacent waters (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) 
Biological data
Squid mantle lengths (ML, mm) and body weights (BW, g) were recorded. Specimens were then opened and examined under a dissecting microscope and sexed (except for very small, "immature" specimens with no identifiable reproductive organs). Each squid was also assigned a maturity stage, based on the relative size and appearance of their reproductive organs using a simplified version of a maturity scale developed for loliginid squid (Boyle and Ngoile 1993) , stage 0: "immature" (sex unknown), 1: "immature" (sexed), 2: "maturing" (equivalent to stages 2-3 in Boyle and Ngoile 1993) and 3: "mature" (equivalent to stages 4-5 in Boyle and Ngoile 1993) . Maturity ogives were fitted by least-squares (residuals).
Data from the opportunistic samples were pooled according to geographic region (North Sea, Irish Sea, Portuguese waters) and season (spring: March-May, summer: June-August, autumn: September-November, winter: December-February).
Potential fecundity
A sub-sample of 11 mature female A. subulata was taken from the Irish Sea in March 2000. Specimens were frozen onboard the RV Lough Foyle and maintained for 2-7 days at -20
• C. These were later defrosted, measured (ML, BW), fixed in 10% formalin for 2-7 days and then stored in 70% ethanol. Each squid was then dissected and the ovary and oviducal complex (oviducts + oviducal glands) were excised. Numbers of developing eggs (oocytes) in the ovaries were determined volumetrically. Ovary volume (OV, to nearest 0.1 ml) was estimated by displacement of 70% ethanol in a graduated cylinder. From each ovary, three equally-spaced samples of tissue were taken (from the anterior, middle and posterior regions), dehydrated with ethanol and embedded in historesin. Histological cross sections (2.5 µm) of these were then taken, mounted and stained with 1% Toluidine Blue in 1% Bovax. Enlarged (×4 magnif.) cross-sectional areas were measured (A, mm 2 ) using a microscope video camera linked to a PC with image analysis software. Larger images (×86) were used to measure the diameters of all oocytes (µm) in each section. An average of the longest axis and the perpendicular axis was taken to represent oocyte diameter. Mean oocyte diameter and number of oocytes per area was calculated for each section. The number of oocytes per unit volume of ovary was then estimated (Laird and Priede 1986) :
N v : number of oocytes per unit volume ovary, N a : total count of oocytes per unit area, D: diameter of oocytes, H: thickness of histological section. The total number of oocytes per ovary (N ov ) is:
OV: ovary volume Numbers of mature, post-vitellogenic eggs (ova) in the oviducal complexes (N od ) were determined manually, by dissecting the oviducts and oviducal glands and counting the ova under low magnification (×10). The numbers of oocytes and ova were then combined to obtain an overall estimate of potential fecundity (PF):
Size of mature, post-vitellogenic eggs (ova) in the oviducal complexes of five mature females collected in Portugal on the 6 th May 2005 was determined by dissecting the oviducts and oviducal glands, excising the ova and measuring under low magnification (×10). The longest axis and its perpendicular axis, were measured and averaged to represent oocyte diameter from 50 ova of each specimen (250 in total).
Results
Overall numbers of squid (A. subulata) collected in the three geographic areas are provided, along with details of the vessels, gear (mesh size) and sampling period (Table 2) . Pooled samples of 2769, 3845 and 1547 squid were taken from the North Sea, Irish Sea and Portuguese waters, respectively.
Sex ratio
Observed seasonal sex ratios (M/F) ranged from 0.47 to1.31. Overall, slightly more male squid (M/F = 1.04 to 1.14) were recorded in all three areas, although females may be relatively more abundant during spring in Portugal (M/F = 0.76) and in summer in the North Sea and Irish Sea (M/F = 0.76 and 0.78, respectively). No other spatial or seasonal trends in sex ratio were apparent.
Size-frequency distributions
The size-frequency distributions of the North Sea and Portuguese samples were quite similar, with both exhibiting a modal size class of 51-60 mm ML. By contrast, the Irish Sea sample comprised relatively small squid (modal class 31-40 mm ML). Similar size ranges and additional size modes (see below) were observed in all three samples. A predominance of small squid (<50 mm ML, both sexes) during autumn was observed in all three areas (Fig. 1) . However, relatively large numbers of small squid were also found during winterspring in the North Sea, during summer in the Irish Sea, and Table 2 .
during summer and winter in Portuguese waters. Large squid appeared to be relatively more abundant during summer in the North Sea, during winter-spring in the Irish Sea, and during spring in Portuguese waters. Within each area, seasonal patterns of abundance were generally similar in both sexes, except in Portuguese waters where large females appeared to be relatively more abundant during spring (Fig. 1) .
Bi-modal size-frequency distributions were apparent in all three areas in both sexes, particularly during autumn. In the Irish Sea and Portuguese waters, male squid exhibited multimodal size profiles. The greatest complexity was apparent in Portuguese waters, with males exhibiting four or more modal size-classes (Fig. 1) . Females exhibited bi-modal profiles in all areas, although bi-modality was more pronounced and persistent (occurring in all seasons) in Portuguese waters.
Length-weight relationships
Observed length-weight relationships (BW = a ML b ) were generally similar in all three areas, especially for female squid (Table 3) . Mature females were relatively heavier than mature males but exhibited a smaller maximum size (Fig. 2 ): ML max < 150 mm (females) and >200 mm (males), BW max > 22 g (both sexes). Geographical differences in weight-at-length were also noted (Fig. 2) ; the general pattern in small males (<75 mm ML) and females was Portuguese > Irish Sea > North Sea. However, in large males (>75 mm ML) this trend was reversed ( Fig. 2a) . ANCOVAs on ln-transformed datasets indicated significant spatial differences in length-weight equations for males (F (2,2905) = 48.31, p < 0.001) and females (F (2,579) = 94.55, p < 0.001). Within each area, however a number of significant "seasonal" differences were also detected by ANCOVA, (not shown here, since consistent patterns were not observed for either sex).
Sexual maturation
Although some of the pooled monthly samples were quite small, mature squid were found throughout the year. The proportions of mature squid ranged from ∼0.1-0.7 in all areas. However, similar seasonal patterns were observed, with relatively more mature squid in spring-summer and fewer in autumn-winter. Some sexual and spatial differences were observed. For example, maturity appeared to be more prevalent in males than females in the North Sea during winter. In the Irish Sea, male maturity peaked in spring, whilst female maturity peaked in summer. In Portuguese waters, maturity in both sexes peaked in spring whereas maturity in the other areas (except for Irish Sea males) peaked in summer. An apparent predominance of small, immature squid in the North Sea and Irish Sea during autumn was observed (Figs. 3a-d) . This was not recorded in the Portuguese samples, although substantial proportions (20-25%) of these were immature during all seasons except spring (Figs. 3e-f) .
Although mature squid were found throughout the year in the North Sea, the proportion of squid that were mature was generally lower than in the other areas. In male squid, for example, maturity levels >20% were only recorded in two seasons in the North Sea (summer/winter), and in three seasons in the Irish Sea (spring/summer/winter) and Portuguese waters (spring/summer/autumn). In female squid, maturity levels >20% were recorded during one season in the North Sea (summer), during three seasons in the Irish Sea (spring/summer/winter) and during all four seasons in Portuguese waters (Fig. 3) .
Similar size-maturity ogives were observed, with male squid maturing over a greater size (ML) range than females (Fig. 4) . Length and weight data for mature squid are provided (Tables 4-5 ). Males exhibited similar sizes-at-maturity (ML 50 ) in the three areas, although mature males in the Irish Sea were larger and heavier on average (Table 4 ). In general, males appeared to mature at a smaller size during summerautumn than in other seasons. Males appeared to start maturing at minimum sizes (ML min ) of 40-45 mm in the three areas. An apparent secondary peak in male maturity at 65 mm ML suggests that two different size-maturation patterns may occur in Portuguese waters (Fig. 4) . Other possible maturity peaks, at larger sizes (125-135 mm ML) were observed in all areas, although these were based on small numbers of very large squid (and therefore may be due to sampling error). Similar patterns were observed for females, with the largest and heaviest mature females being recorded in the Irish Sea (Table 5). Respective (overall) ML min values of 32 mm, 34 mm and 47 mm were recorded for the North Sea, Irish Sea and Portuguese waters, indicating that females may start maturing at a larger size in the latter area. The smallest female ML 50 values were recorded during the summer months in all areas. There also appeared to be some spatial variation in overall size-atmaturity of females, with ML 50 values for North Sea > Irish Sea > Portuguese samples (Table 5 , Fig. 4b ).
Inter-annual variation
Two sets of monthly samples obtained were large enough to compare ML 50 and mean ML estimates of squid caught in the same month, by the same vessel, in different years ( Table 6 ). In the North Sea (January) and the Irish Sea (March), inter-annual differences in ML 50 were apparent in males but not in females. One-way ANOVAs indicated no significant differences in ML for either sex in the North Sea between 1998 and 1999. In the Irish Sea, however, both sexes were significantly larger in 2000 than in 1993 (males: F (1,776) = 63.22, p < 0.001; females: F (1,681) = 132.38, p < 0.001). Monthly (March) mean SST values of 6.9
• C and 7.9
• C were recorded in the Irish Sea during 1993 and 2000, respectively, suggesting that the warmer conditions may have accelerated growth. ANCOVAs on ln-transformed North Sea datasets indicated no significant differences in length-weight equations for either sex between 1998 and 1999 (males: F (1,908) = 0.18, p = 0.670; females: F (1,687) = 0.18, p = 0.673). Monthly (January) mean SST values of 8.4
• C were recorded in the North Sea during 1998 and 1999, respectively. In the Irish Sea datasets, significant differences in length-weight equations were detected in both males (F (1,774) = 4.21, p < 0.05) and females (F (1,679) = 28.75, p < 0.001) between 1993 and 2000.
Potential fecundity
Estimates of potential fecundity for the Irish Sea squid are summarised in Table 7 . Overall PF values ranged from ∼2200-13 500 eggs per female (mean ∼5900 ± 970 SE). There was no significant relationship (p > 0.05) between PF and body size (ML, BW) although sample size was small (n = 11). Mean egg diameters of 0.45 ± 0.04 mm and 1.55 ± 0.04 mm were recorded for developing oocytes and mature ova, respectively. Mean diameter of mature ova in the Portuguese sample was 1.47 ± 0.23 mm. As Figure 5 shows, the ovarian egg-size distributions were highly skewed, due to a predominance of very small oocytes (<0.3 mm diameter). Three to four modal size-classes of oocytes were apparent in each ovary.
Discussion
The opportunistic nature of this study, and the fact that different vessels and gears were used to collect the samples, should be considered when interpreting the results presented here. Nevertheless, it was apparent that a number of obvious, significant spatial and temporal trends in growth and reproductive parameters were exhibited by the A. subulata population in the NE Atlantic.
The overall size distributions of A. subulata caught in the three areas were quite similar, given that different vessels and (bottom) gears were used. The smaller modal size observed in the Irish Sea sample is mainly due to the large numbers of immature squid caught during autumn in 1993 and 2000. The fact that this phenomenon was not observed in North Sea or in the Portuguese samples may be associated with differential efficiency of sampling of smaller animals, since relatively large numbers of immature squid were also caught in these areas during autumn.
Seasonal variation in sex ratios appear to be a common feature of loliginid populations, and may reflect differences in sampling bias and/or differential migratory patterns. For example, in Scottish waters, female Loligo forbesi may become more numerous (or aggregated) during the spawning season (Collins et al. 1999 ). The smaller maximum sizes exhibited by females in the three areas may be due to a greater investment of energy in reproduction, associated with vitellogenesis and the development of accessory reproductive organs.
The polymodal size-frequency distributions observed in all three areas (Fig. 2) indicate that, across the geographic range of A. subulata, several recruitment events may occur annually. The greater complexity of length-frequency distributions observed in southern waters may reflect a latitudinal trend, possibly associated with higher sea temperatures and a longer growing season at lower latitudes. Cephalopod growth rates are strongly influenced by water temperature (Forsythe and Van Heukelem 1987) and therefore differences in SST may also explain the differences in mean size observed in squid caught in the Irish Sea during 1993 and 2000. It is also possible that, in Portuguese waters and, to a lesser extent, the Irish Sea, an extended spawning season and associated hatching times leads to a number of micro-cohorts in the population each year. There is also some suggestion of micro-cohorts in the North Sea during summer, although these are less clearly defined than those observed in the Irish Sea and Portuguese waters. Distinct micro-cohorts have been observed in samples of other loliginid squid species, notably Loligo forbesi (Collins et al. 1999) .
Relatively large numbers of small squid (both sexes) were caught during autumn, indicating a major recruitment event in all three areas. An apparent trend of decreasing recruitment period at high latitudes may be linked to either spawning activity or spawning success. The observed predominance of immature squid in the North Sea and Irish Sea during autumn may reflect the occurrence of a single, major annual recruitment event at higher latitudes. In the North Sea, the spawning season is relatively short and its timing is in accordance with the period when hatchlings appear in plankton samples (June-July) (Yau 1994) . The spawning season in the Irish Sea occurs during spring and summer, although there may be an additional, minor event in autumn (Nyegaard 2001) , not observed in our data sets. By contrast, in Portuguese waters, the occurrence of small, immature squid throughout the year may be associated with several, distinct spawning events at lower latitudes (e.g. the high proportions of mature females in May, August, and November). Similarly, according to Rodhouse et al. (1988) there may be at least three distinct groups of A. subulata that spawn in spring, summer, and autumn in the English Channel.
The greater relative weights and early (spring) maturity observed in Portuguese waters may be a consequence of faster development times associated with higher water temperatures. On the other hand, the length of the spawning season in the areas analysed seems to be related not only to the latitudinal trend in the favourable temperature range, but also to the duration of the productivity cycle in each area. Portuguese waters, within the western Iberian upwelling system (Relvas et al. 2007) , are characterized by moderate temperatures and abundant food during most of the year, which favours growth and reproduction. The spatial differences in the length of the spawning season and timing of spawning peaks of A. subulata inferred from our results are very similar to those of the sympatric squid Loligo vulgaris (Moreno et al. 2002) , and provide further evidence of the plasticity of loliginid squid life cycles in relation to local environmental conditions (Boyle et al. 1995) .
Distinct (batch) spawning events could explain the polymodal egg size-frequency distributions observed in ovary samples from the Irish Sea (Fig. 6 ). Our estimates of potential fecundity (2200-13 500 eggs per female) are similar to those reported previously for the close congener, Alloteuthis media in the eastern Mediterranean (Laptikhovsky et al. 2002) . The mean size of mature ova (1.6 mm in the Irish Sea and 1.5 mm in Portuguese waters) observed during the present study also falls within the range of 1.5-2.3 mm reported for A. media by Laptikhovsky et al. (2002) .
In conclusion, our results provide evidence of latitudinal effects on growth, maturation and reproduction of A. subulata in the NE Atlantic, although some caution in interpretation is needed due to possible sampling error associated with opportunistic studies involving different vessels and gears must be considered. An observed increase in complexity of population structure in warmer waters suggests that water temperature may be the main factor involved, possibly acting through shorter incubation times, faster growth and maturation rates and extended spawning periods.
